Quality factor and finesse of buried In 1−x Ga x As y P 1−y / InP ring resonators have been optimized in this paper by a very general modelling technique. Limiting effect of propagation loss within the ring has been investigated using a three-dimensional (3D) highly accurate complex mode solver based on mode matching method to analyze bending loss dependence on ring radius and wavelength. Coupling between straight input/output (I/O) bus waveguides and ring resonator has been studied by 3D Beam Propagation Method (BPM), deriving coupling loss and coupling coefficient for a large range of ring radius and bus waveguides-ring distance values (for both polarizations). Ring resonator has been modelled by the transfer-matrix approach, while finesse and quality factor dependence on radius has been estimated for two resonator architectures (including one or two I/O bus waveguides) and for quasi-TE and quasi-TM modes. Guiding structure has been optimized to enhance resonator performance. The modelling approach has been validated by comparing results obtained by our algorithm with experimental data reported in literature. Influence of rejection (at resonance wavelength) at through port on quality factor and finesse has been widely discussed. A quality factor larger than 8×10 5 has been predicted for the ring resonator employing only one I/O bus waveguide and having a radius of 400 µm. This resonator exhibits a rejection of -8 dB at through port.
INTRODUCTION
Although passive integrated optical ring resonators have been firstly theoretically proposed since about forty years for wavelength filtering [1] , only in the last two decades there has been an intense research effort to employ them as building blocks in a large number of photonic applications, such as multiplexing, demultiplexing, filtering, switching, and modulation [2, 3] . Very recently, an eight-channel demultiplexer based on ring resonators fabricated in Silicon-on-Insulator (SOI) technology and to be used in WDM signals processing has been demonstrated [4] . A racetrack shaped ring resonator realized by polymer materials has been employed to fabricate an electrooptic modulator having a bandwidth up to 165 GHz [5] .
The use of integrated optical ring resonators for sensing is becoming a more and more attractive research field. A number of passive architectures based on large-radius ring resonators have been proposed and experimentally demonstrated for Sagnac effect-based optical angular rate estimation [6] - [12] . Some ring resonators properly designed to be included in passive integrated optical gyroscopes have been experimentally investigated [13] - [15] . A large-radius ring resonator for gyroscopic applications in which propagation loss is compensated by optical gain induced by a pump signal (at 830 nm) has been fabricated in neodymium-doped glass exhibiting a quality factor around 2 × 10 7 (at 1060 nm) [16] .
Chemical and biochemical optical sensing by integrated ring resonators has been widely demonstrated by fabricating (using a wide spectrum of materials as glass, polymers and silicon nitride) highly compact devices capable to detect a propagating mode effective index change around 10 −6 -10 −7 [17] - [20] . Finally, micro-displacement and acceleration measurements have been also theoretically and experimentally proved by optical micro-ring resonators [21, 22] .
First ring resonators have been fabricated by polymethyl methacrylate film deposited on quartz, silver ion exchange in glass, and silica-on-silicon technology [23] - [25] . To obtain large quality factors (up to 2 × 10 7 for ring resonator realized in Silica-on-Silicon technology) by these low index contrast technologies, ring resonators with large radii (around 1 mm) and consequently reduced free spectral range (FSR) are needed.
In the last decade other materials have been employed for fabrication of ring resonators, such as III-V semiconductors, silicon, silicon nitride, polymers, and lithium niobate [26] . Electro-optic polymers are very attractive materials for large bandwidth ring resonator-based optical modulators, whereas SOI technological platform has permitted to realize ring resonators having a FSR > 30 nm [27] , which are very effective for applications related to optical communications. III-V semiconductors technology exhibits the great advantage to allow the monolithic integration of the ring resonator together with an electrically pumped, reliable and high performing laser and other active/passive integrated optical components e. g. semiconductor optical amplifiers (SOAs) [28] - [30] .
In ring resonators realized on III-V semiconductors [31] - [35] , deeply etched (etch depth around 1-2 µm) and high index contrast waveguides are usually adopted to maintain ring radius < 10 µm and obtain FSR values > 10 nm. The main drawback of this design strategy is the quite limited quality factor and finesse of these devices. Among III-V semiconductor materials, In 1−x Ga x As y P 1−y / InP material system has permitted to fabricate ring resonators having a lager quality factor with respect to those realized using GaAs / Al x Ga 1−x As material system [36] .
An innovative approach for In 1−x Ga x As y P 1−y / InP ring resonators design has been proposed in [35] , where a low index contrast waveguide has been employed and so a quite large ring radius (200 µm) is needed to avoid too large bending loss. Fabricated resonator has a finesse, a quality factor and a FSR equal to 39, 1.13 × 10 5 and 0.54 nm, respectively. Main geometrical features and performance parameters of III-V semiconductors ring resonators, as reported in literature, are summarized in Table 1 .
In this paper we develop an optimization procedure to enhance fully-buried In 1−x Ga x As y P 1−y / InP ring resonator performance. Optical coupling (and related loss) between bus waveguides and resonator has been accurately studied by 3D BPM and propagation loss has been calculated as depending on ring radius and wavelength. Quality factor and finesse dependence on radius has been examined and FSR estimated. Waveguide dimensions and index contrast have been optimized to further enhance the resonator performance. Operating wavelength λ is equal to 1.55 µm.
In Figure 1 (a) the cross-section of the investigated waveguide is depicted. In 0.75 Ga 0.25 As 0.55 P 0.45 (wavelength band-gap of 1.25 µm and refractive index at operating wavelength n 1 = 3.361) has been considered for the core region. This material is assumed to be deposited on a InP (n 2 = 3.168) substrate and be completely buried in InP (In 0.75 Ga 0.25 As 0.55 P 0.45 and InP lattice constants are matched). As in [35] , the height (h) and the width (w) of buried core region have been fixed as equal to 400 nm and 900 nm, respectively. This waveguide supports both fundamental quasi-TE and quasi-TM modes. Two ring resonator architectures have been considered. One employing only one I/O bus waveguide (Figure 1(b) ) and the other employing two I/O bus waveguides (Figure 1(c) ). This last geometry has been assumed as symmetrical, being the two I/O bus waveguides as placed at the same distance from the ring resonator.
PROPAGATION LOSS
In semiconductor waveguides, loss sources may be due to material absorption or possible geometrical or physical discon- tinuities, which produce some radiated power. Bending induced radiation loss has to be also considered in bent waveguides.
Potential sources of absorption loss in semiconductor waveguides are interband absorption and free carrier absorption (FCA). Interband absorption occurs when photons with energy larger than bandgap are absorbed to excite electrons from the valence band to the conduction band. Therefore, if operating wavelength is longer than the absorption edge wavelength of waveguide materials, interband absorption is avoided. Since operating wavelength (equal to 1.55 µm) is sufficiently longer than InP and In0. 75 Ga 0.25 As 0.55 P 0.45 absorption edge wavelengths (In 0 . 75 Ga 0.25 As 0.55 P 0.45 and InP absorption edge wavelengths are equal to 1.25 µm and 0.92 µm, respectively), interband absorption can be neglected in our investigation.
FCA is due to carrier transitions within conduction and valence bands. As the doping concentration increases, the number of free carriers increases and so free carrier absorption increases, too.
For a n-type doped semiconductor, light passing through the crystal is absorbed by an atom and excites an elec- tron at the bottom of the conduction band to a higher energy level. The absorption coefficient α n, f c for n-doped In 1−x Ga x As y P 1−y is given by the following equation (at operating wavelength) [37] :
α n,fc = 4.34 × 10 −19 N e 0.342 − 0.0172 log 10 N e dB cm (1) where N e is the electron concentration in cm −3 .
For a p-type In 1−x Ga x As y P 1−y , FCA is due to intra-valenceband absorption. In this process, the energy of the absorbed light can excite various transitions between the heavy-hole and the light-hole valence band. The absorption coefficient α p, f c (at operating wavelength) for p-doped In 1−x Ga x As y P 1−y is given by [37] :
where N h is the hole concentration in cm −3 .
Absorption coefficients α n, f c and α p, f c dependence on free carrier concentration is shown in Figure 2 , for p-type and n-type doping. FCA is larger for p-type doping than for ntype one and, as previously anticipated, it increases when free carrier concentration increases. If InP and In 1−x Ga x As y P 1−y are intentionally undoped, free carrier absorption can be usually neglected (InP intrinsic carrier concentration is equal to 1 × 10 7 cm −3 Bending loss has been calculated by a full-vectorial 3D mode solver based on mode matching method [38] (in computation of optical modes by 3D mode solver, we have assumed a calculation mesh including 80,000 points). This method has been already adopted to investigate anti-resonant reflecting optical bent waveguides in In 1−x Ga x As y P 1−y / InP technology [39] and SOI bent rib waveguides [40] . A perfectly matched layer (PML) located at the outer side of the bend has been employed in our simulations (as in [39, 40] ) to absorb the power leaked out of the bend, avoiding any parasitic reflection.
Bending loss dependence on curvature radius (R) has been investigated for R ranging from 40 µm to 1000 µm, λ = 1550 nm, and for quasi-TE and quasi-TM modes (see Figure 3(a) ). Bending loss exponentially decreases by increasing R and it is larger for quasi-TM than for quasi-TE mode. This is due to the fact that quasi-TE mode is more confined in the waveguide core region than quasi-TM one (for example, assuming R = 200 µm, confinement factor in the core region is equal to 42.8% for quasi-TE and 38.4% for quasi-TM mode).
Bending loss practically becomes negligible for R > 500 µm (α b < 10 −3 dB/cm) and so it has not been plotted for R > 600 µm. For R = 200 µm (radius value used in [35] ) and λ = 1550 nm, bending loss is equal to 3.13 dB/cm for quasi-TM and 1.45 dB/cm for quasi-TE mode. For R < 100 µm, bending loss is larger than 50 dB/cm so, adopting this waveguide technology, we expect that ring resonator having R < 100 µm exhibits only modest performance. Consequently the buried waveguide considered in this paper is not employable to realize optical micro-ring resonators.
Assuming R = 200 µm, wavelength influence on bending loss has been investigated, for both polarizations, varying λ in the range from 1500 to 1600 nm (see Figure 3(b) ). Wavelength influence on InP and In 0.75 Ga 0.25 As 0.55 P 0.45 refractive index has been taken into account by the model reported in [37] . Bending loss significantly increases with λ for either quasi-TE or quasi-TM mode. For all considered wavelengths, bending loss is larger for quasi-TM than for quasi-TE mode. A similar bending loss dependence on wavelength has been observed (also experimentally) for a Si-wire waveguide [41] .
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Journal Propagation loss in the ring resonator that we are investigating in this paper is the sum of absorption, bending and scattering losses suffered by the employed 400 nm high and 900 nm width buried In 0.75 Ga 0.25 As 0.55 P 0.45 / InP waveguide. Absorption loss has been proved to be negligible, bending loss has been plotted in Figure 3 as dependent on radius of curvature and wavelength, finally, scattering loss has been calculated as a function of radius and wavelength in [42] . Then, assuming λ = 1550 nm, optical propagation loss within the ring resonator has been calculated for R ranging from 40 µm to 1000 µm and for both polarizations (see Figure 4(a) ). In this calculation, some results included in [42] has been used. For R values lower than 180 µm, bending loss is the dominant contribution (bending loss depends exponentially on R) whereas, for R larger than 300 µm scattering loss becomes dominant. Propagation loss decreases by increasing R until it reaches the values of 0.57 dB/cm (for quasi-TE mode) and 0.85 dB/cm (for quasi-TM mode), representing the minimum propagation loss achievable by this technology (for λ = 1550 nm). For R = 200 µm, total propagation loss dependence on wavelength ( Figure 4(b) ) is dominated by bending loss, so total propagation loss increases by increasing λ. Propagation loss relevant to quasi-TM mode remains larger than propagation loss relevant to quasi-TE mode in the whole considered wavelength range. In the following sections, operating wavelength has been always fixed as 1550 nm.
COUPLING BETWEEN BUS WAVEGUIDES AND RING RESONATOR
The optical coupling between I/O straight bus waveguides and the ring resonator has been investigated by 3D BPM [43] . In particular, the structure shown in Figure 5 has been simulated for R ranging from 100 µm to 1000 µm. We have indicated minimal gap between the waveguides (achieved in the middle of the structure) as g (g is the distance between waveguides sidewalls, as in Figure 5 ) and structure length has been fixed so that, at the input and output cross-sections, the distance between the waveguides is equal to 10 g (at this distance the waveguides can be considered uncoupled).
An input optical mode (having amplitude equal to a) is launched in the straight waveguide and optical mode amplitudes at output cross section have been observed. Propagation step has been varied for all R considered values and it has been fixed as equal to R × 10 −5 (for example, for R = 500 µm and g = 1 µm, the propagation step is equal to 5 nm and the number of propagation steps is around 38,000). Optical mode amplitude at straight waveguide output is indicated as b and optical mode amplitude at the output of bent waveguide is indicated as c. The coupling coefficient κ between the two modes propagating in straight and bent waveguides is given by the ratio c/a (κ 2 indicates the power transfer between the two waveguides), whereas coupling loss A C (usually expressed in percentage) is equal to
The coefficient γ (that will be used in the following section), taking into account loss due to the bus waveguides-ring coupling, is defined as equal to (b 2 + c 2 )/a 2 and so A C = 1 − γ.
Power transfer between the two waveguides (κ 2 ) and coupling loss A C (in percentage) have been plotted (in Figure 6 ) for both polarizations, for R ranging between 100 µm and 1000 µm, and gap g varying between 0.6 µm and 1.2 µm. The dotted curves in the density plots reported in Figure 6 show level curves. Data reported in Figure 6 show that, by decreasing g, a power transfer increase is induced and that a R increase produces a power transfer increase (these considerations are valid for both polarizations). Coupling loss exhibits a dependence on R and g quite similar with that exhibited by κ 2 , reaching the largest values for largest R value and lowest gap value. For better comparison of coupling loss and power transfer related to different polarizations, we have plotted Figure 7) . Figure 7 (a) shows that power transfer is larger for quasi-TM mode than for quasi TE one (the difference κ 2 TM − κ 2 TE is always positive), and that the difference between κ 2 TM and κ 2 TE is lower than 2.6%. This difference is maximum for R = 100 µm and g = 1.2 µm and for R = 1000 µm and g = 0.6 µm. As shown by Figure 7(b) , coupling loss related to TM mode is larger than coupling loss related to TE mode for R > 450-470 µm (the level curve relevant to 0% is quite horizontal). The difference A TM C − A TE C reaches its maximum value (6.65%) for R = 1000 µm and g = 0.6 µm, and its minimum value (-2.63%) for R = 100 µm and g = 0.6 µm.
RING RESONATOR MODELLING AND OPTIMIZATION
Ring resonator has been modelled by using the standard transfer-matrix approach firstly reported in [44] and the following spectral responses at through port (see Figure 1 respectively:
where α is the attenuation coefficient (in power) due to propagation loss within the ring (plotted in Figure 4 (a) as dependent on R), β is the propagation constant of optical modes within the ring and L = 2πR is the resonator length.
T(λ) is minimum (equal to T min ) for βL = 2mπ whereas T(λ) is maximum (equal to T max ) for βL = (2m + 1)π, being m a natural number. The ratio between T min and T max has been indicated as through rejection (T rj ) and it is equal to (for the two considered architectures):
T rj,2busWGs = 1−γ e −αL/2 1−(γ−κ 2 ) e −αL/2 1+γ e jβL e −αL/2 1+(γ−κ 2 ) e −αL/2
(5)
Starting from the spectral response at through port, some well-known ring resonator figures of merit can be defined. FSR is the difference between resonance wavelengths (resonance occurs for βL = 2mπ), the finesse F and the quality factor Q can be defined as:
where δλ is the resonance spectral width calculated at T max /2 (usually named Full Wave at Half Maximum, FWHM) and λ 0 is the resonance wavelength.
We have observed that fixing R and incoming light polarization in T rj expressions (reported in Eq. (5)) the only unknown variable is g (κ and γ depend only on g if R and polarization are known). So for both ring resonator architectures, for both polarizations and each R value we have calculated by Eq. (5) the g value permitting to obtaining a specified through rejection value (-8 dB, -12 dB and -16 dB). Obtained g values have been plotted in Figure 8 . In all cases, g value permitting to fulfil the specification imposed on T rj increases for R < 340 µm and becomes maximum for R = 340 µm. Then, for R > 340 µm g value linearly decreases. Gap values increase when T rj decreases (in magnitude) and they are larger for quasi-TE than for quasi-TM mode. For R = 200 µm, T rj = −8 dB and the two bus waveguides architecture, we obtain g = 0.9608 µm (being lower than 1.5% the relative error with respect to experimentally reported value, 0.95 µm [35] ).
Fixing R, T rj and input signal polarization, for both architectures (one/two bus waveguides) we have obtained an unique g value. For every couple of R and g values, we have calculated κ and γ (see Figure 6 ). Moreover, for every R value we have estimated the propagation loss α (see Figure 4 (a)) and calculated β using the 3D mode solver for bent waveguides [38] . At this stage we are able to calculate the spectral response at through port by Eq. (4). After that, F, Q, and FSR can be evaluated. Then, we have investigated Q, F and FSR dependence on radius for one/two bus waveguides architectures and both polarizations (see Figure 9 and Figure 10 ). From Figure 9 it can be observed that high Q (or F) and high through rejection (in magnitude) are conflicting requirements. Fixing radius, incoming light polarization and architecture, if a large T rj value (for example, -16 dB) is required, we have to accept a lower Q value with respect to the case in which a lower T rj value (for example, -8 dB) is fixed. For a certain T rj value, Q and F dependence on radius is not monotone. Q and F are maximum for R around 300-400 µm. R values relevant to Q maxima are larger than R values relevant to F maxima. For low R values, as R increases Q and F quickly increase, too. After the maximum, Q slowly decreases when R increases whereas F decrease is faster. Quality factor and finesse are larger for one bus waveguide architecture than for two bus waveguides architecture. Finally, quasi-TE polarization permits to achieve larger Q and F values than quasi-TM one (in fact, quasi-TM mode loss is larger than quasi-TE mode one).
For R = 200 µm, quasi-TE mode, two bus waveguides architecture and T rj = −8 dB (these assumptions are the same as in [35] ) we have obtained F = 39.86 and Q = 1.15 × 10 5 . These values are in good agreement (relative error < 3%) with those experimentally estimated [35] and summarized in Table 1 . FSR is not influenced by the device's geometry (one/two bus waveguides) but only by incoming light polarization (this influence is quite modest because the adopted waveguide exhibits a very reduced birefringence). For quasi-TE and quasi-TM mode, we can see that FSR monotonically decreases by increasing R. Maximum achievable FSR value is lower than 0.7 nm whereas FSR is equal to 0.3-0.4 nm for R ranging from 300 µm to 400 µm (this is the range in which Q and F are maximum).
Optimization procedure results previously shown have been obtained assuming same waveguide as in [35] , having a width w = 900 nm, a height h = 400 nm and an index contrast ∆n = n 1 − n 2 equal to 0.193. We have also investigated the effect of waveguide width and index contrast change on ring resonator quality factor and finesse. For R = 200 µm and both polarizations, propagation loss within the ring has been calculated as a function of w by the method reported in Section 2 (see Figure 11 ). For all ∆n values, propagation loss monotonically decreases by increasing w, being larger for quasi-TM mode than for quasi-TE one. Minimum value of propagation loss (α = 0.56 dB/cm) has been achieved for w = 1100 nm, ∆n = 0.193 and quasi-TE mode. Adopting this waveguide features and R = 200 µm, quality factor values of 434,000 and 286,000 have been obtained for one bus waveguide architecture and two bus waveguides, respectively (in both cases T rj = −8 dB). These Q values are significantly larger than that experimentally obtained in [35] using a resonator having R = 200 µm and a non-optimized waveguide.
Main geometrical features and performance parameters of six optimized ring resonator structures are summarized in Table 2 . Maximum quality factor (Q = 8.08 × 10 5 ) is achieved for R = 400 µm, g = 1.512 µm, one bus waveguide architecture, quasi-TE mode and T rj = −8 dB.
CONCLUSION
With the purpose of optimizing device performance, quality factor and finesse dependence on the resonator geometry and waveguide, radius, and excited optical mode has been estimated for a In 1−x Ga x As y P 1−y / InP ring resonator employing a buried wave-guiding structure. A very general modelling procedure, adoptable to theoretically investigate and design a wide spectrum of integrated optical ring resonators to be realized in different technologies, has been developed and validated using experimental data in literature.
Reported data show that one I/O bus waveguide architecture permits to achieve larger Q and F values than two bus waveguides one and that the achievement of large Q and F values is conflicting with large through rejections. These two conclusions are quite general and we expect that they are true for different kinds of passive ring resonators.
For one I/O bus architecture maximum quality factor value (8.08 × 10 5 ) has been predicted for R = 400 µm. (T rj = −8 dB). A 32% decrease in Q value is induced requiring a T rj (in dB) doubling. For two I/O buses architecture, R value maximizing the quality factor is equal to 380 µm. For this R value, T rj = −8 dB and quasi-TE mode, we have Q = 4.16 × 10 5 , F = 84.1 and FSR = 0.31 nm. Thus, for two bus waveguides architecture, passing from R = 200 µm(as in [35] ) to R = 380 µm, Q becomes quite four times larger and F is doubled at the expense of a FSR reduction of about 20%. Maintaining R = 200 µm and optimizing only the waveguide structure, a Q increase of 2.5 times has been proved as obtainable.
